Attractive and repulsive forces acting in the slurry due to different ions absorbed on surface of fine particles, especially colloidal ones, strongly affect the flow behaviour of highly concentrated fine-grained slurries. The attractive forces between the fine-grained solid particles initiate the coagulation process, which gives rise to voluminous aggregates where a large amount of water is fixed. A modification of the physicalchemical environment of the slurry by addition of a peptizing agent produces repulsive forces between particles. They result in destruction of the aggregates, water originally fixed in the aggregates is liberated, the viscous friction can play a larger role in the slurry, which is liquefied. To prove these process three different kaolin-water mixtures were tested with an overpressure capillary viscometer, rotational viscometer, and experimental pipeline loop. The effect of two peptizing agents and their concentration was investigated. It was demonstrated that even very low concentration of peptizing agent results in a significant reduction in the apparent viscosity and in the yield stress.
Introduction
Many mining, building and other industrial materials are handled, transported and processed in the form of fine-grained highly concentrated watersolid mixtures, so called dense slurries or pastes. Technological processes, transport and storage, treatment or final deposition of such slurries require advanced knowledge of their rheological behaviour for design and safe, reliable and economical operation.
The presence of fine-grained solid particles in a Newtonian liquid evokes complex rheological behaviour of the slurry due to the mutual interactions of both the liquid and the solid phases. During the slurry flow hydrodynamic interactions are caused by shear-induced translational and rotational motions of the particles, resulting in particle collisions and the formation of temporary multiplexes. Such interactions lead to an increase in the rate of viscous energy dissipation and hence the bulk viscosity of the slurry. Non-hydrodynamic interactions, which are most significant in colloidal systems, originate from random Brownian motion of particles and colloidal forces due to the van der Waals attractive forces and electrostatic repulsive forces. Interparticle interactions of non-hydrodynamic origin usually evoke non-Newtonian behaviour of the slurry.
In highly concentrated fine-grained suspensions both types of interactions exist, and their relative influence on the rheology is a function of the physical and electrochemical characteristics of the particles, the nature of the suspending liquid, and the type and intensity of the flow (Nguyen and Boger, 1984) .
If the attractive forces acting in the slurry prevail, a process of coagulation and sedimentation is initiated. However, simultaneous existence of the repulsive forces enables the slurry to be stabilized and keeps individual particles separated. The effect of the electrostatic repulsive forces on the stabilization process could quite well explain a mechanism of liquefaction of clay slurries based on the reduction in the apparent viscosity and the yield stress by addition of an inappreciable quantity of chemical agent resulting in a change in the physical-chemical behaviour of suspended particles (Šatava, 1973) .
The flow behaviour of dense slurries not only depends on the physical parameters of the slurry components (particle size distribution, shape, density and concentration, liquid density and viscosity) but is also strongly affected by the mutual particleparticle and particle-liquid interaction and by physical-chemical forces acting in the slurry.
The solid particles of real industrial materials (minerals, metal ores, ceramic raw materials, ash, tailings, and other wastes) are not of spherical shape and uniform size, and the slurry flow behaviour can be strongly affected by physical-chemical forces acting in the slurry. The description of flow behaviour of dense slurries can be based on the presence of attractive and repulsive forces acting simultaneously in the slurry (Verwey and Overbeck, 1948) .
Understanding the inner structure and complex slurry behaviour makes possible to optimize energy and water requirements and to improve the quality and economy of transport and/or processing.
Physical-chemical behaviour of kaolin slurry
Kaolin is a relatively uniform material and its water suspension is very often used as the model slurry for investigation of the yield pseudo-plastic liquids. Let us look in more detail the kaolin particle, which is actually a table shaped crystal of kaolinite. The kaolinite crystal can be imagined as a "pack of cards", where each card consists of two units -the first layer is built from tetrahedrons of silicon dioxide, SiO 4 , and the second layer from hexahedrons of aluminium hydroxide Al(OH) 6 , mutually connected by covalent bonds.
A sketch of this aggregate -the double-layer constituent -is given in Fig. 1 . The set of doublelayers is situated so that they are placed one by one in parallel position with higher or lower regularity according to the quality of the kaolinite crystal. In the crystal grid of kaolinite some imperfections due to the isomorphic substitution of quartz by aluminium or by iron can be found. Due to the substitution the kaolin surface layer becomes not electro-neutral and an unsaturated negative charge which plays an important role in the slurry behaviour exists. Further on the kaolinite crystals could be imperfect also from the macroscopic point of view, they could be broken or their edges could be knocked off. As a consequence of these defects the bonds between atoms of quartz and oxide (Si-O) or aluminium and oxide (Al-O) in the crystal grid are also broken, and because water is always slightly dissociated on H + and OH -ions, the impaired surface of the kaolinite adsorbs OH − anions from dissociated water. Si-OH and Al-OH groups are formed in contact with defective kaolinite surface. son (1954) , who stated that when the kaolin-water mixture has a low pH, the kaolinite adsorbs anions from dissociated carrier liquid, while at a high pH this effect was not found. A number of negative charges on the surface of the kaolin particle are originated due to the substitution in the crystal grid and electrolytic dissociation of Si-OH or Al-OH groups. Around the charged particle a layer consisting of cations dissociated in the carrier liquid is formed, which together with charged surface create an electrical doublelayer.
The thickness of the double-layer depends on the value of surface charge and the kind and concentration of dissociated cations, which have to balance the surface charge. The greater the charge and concentration of the cations and the smaller their size, the thinner the surrounding layer that could serve to compensate the charge of the particle surface. Hence, the large hydrated monovalent cations such as Na + , Ka + , Li + , and NH 4 + , with a small specific ion charge, produce a thick ion "atmosphere" around the particle. The medium thickness of the double-layer is evoked by bivalent ions of calcium C ++ or magnesium Mg ++ and the thinnest doublelayer arises if the surface charge is compensated by trivalent aluminium ions Al +++ . The particles in the suspension tend to bunch into bigger aggregates since it decreases the total energy of the system. The thinner the electrical doublelayer, the closer the individual particles can come to each other, penetrate to the field of activity of attractive molecular forces, and contact each other, what is a necessary condition for the coagulation process in the slurry to start.
Depending on the acidity of the slurry, we can distinguish two patterns of coagulation. On the flat surface of the kaolinite crystal only negative charges can exist due to the quartz substitution, but on the edges and fractures the charge depends on the pH of the slurry and is given by the process of dissociation.
For pH > 7 the Si-OH and Al-OH groups liberate hydrogen cation H + and the negative charges remain on the edges of the kaolinite crystal. Thus only the negative charges exist on the surface of solid particles and the table shaped crystals of kaolinite attach together flat by flat and create the so called "pack of cards" (see Fig. 2 ) during the process of coagulation. In contrast, for pH < 7 the OH -anions are dissociated from the Si-OH and Al-OH groups on the edges of crystals, so that negative charges are on the plain of crystals while positive charges exist on the edges. Due to Brownian motion the solid particles turn up so that negative and positive charges mutually compensate each other, and the resulting inner structure of the slurry can be described as irregularly "honey combed" or as a "house of cards" pattern. For higher concentration of solids, this structure could fill up the whole volume of the slurry. This means that for slurry of low pH the coagulation process in the kaolin-water mixture gives to rise to voluminous aggregates with a loose structure where a large amount of water is fixed. Therefore, during the slurry flow a viscous friction in the carrier liquid can act only on a small-scale, and more energy is consumed in the aggregate deformation. Nevertheless, if due to a change in the slurry environment (change in the pH and/or content of dissociated cations) the inner structure of the slurry and the voluminous aggregates are broken up into individual particles or smaller packets of particles, water originally fixed in aggregates is liberated, and the slurry becomes peptised. Only a small part of the water remains bonded in a thin layer around the particles. During the slurry flow, viscous friction can be exerted on a much greater scale -the apparent viscosity is decreasing and the slurry is liquefying (Vlasak et al.,1999b) .
Experimental equipment and procedure
To prove the possibility of liquefying kaolin slurries, three kinds of the kaolin were tested. The individual kinds of kaolin differ according to the particle size distribution (see Tab. 1) and chemical composition (see Tab. 2). Horsley and Snow (1988) have shown that for determination of the yield stress and apparent viscosity of slurry, the chemical composition is equally as important as the solid concentration and particle size distribution. They also found out that high content of magnesium and calcium compounds in the slurry obstructs modification of the slurry behaviour. All the investigated kinds of kaolin have similar content of the basic components (quartz, aluminium, and iron oxides mass content is about 85%) but the difference in the calcium and magnesium oxide is rather significant. The kaolin slurry was investigated for three mass concentrations c m = 0.39, 0.50 and 0.55.
The average particles diameters of the used kaolin differ significantly, as do the contents of colloidal particles (see Tab. 1). The highest content of particles of less than 1 μm was found for kaolin S1a, as was nearly twice as high as those of the other two kaolins. The higher content of colloidal particles and also of magnesium and calcium compounds could be the reason for the higher yield stress values reached for this kind of kaolin.
Sodium carbonate and soda water-glass were used as a peptizing agent in the mass concentration varying from c a = 0.02 to 2%. Both additives can supply the slurry with Na + cations for the compensation of the surface charge. The calcium ions in the slurry are precipitated in the form of insoluble calcium carbonate or low solubility calcium silicate, respectively.
The sodium carbonate Na 2 CO 3 represents a peptizing agent which supplies the slurry with stabilizing Na + cations and simultaneously bonds the original adsorbed bivalent cations in the form of insoluble calcium or magnesium carbonate. The soda-water-glass Na 2 SiO 3 represents a peptizing agent with colloidal anions. The anion of waterglass is in reality a macromolecule with a basic building unit SiO 4 . During liquefying of the slurry it supplies the slurry with Na + cations and one part of the liberated anions, the smaller one being bound in low solubility calcium silicate, CaSiO 3 . The greater portion of liberated anions is absorbed on kaolin particles, where it helps to create a thin layer of carrier liquid which prevents coagulation of individual particles. Thus the effect of water-glass can be even more favourable than that of sodium carbonate or sodium hydroxide.
The kaolin slurry samples were prepared according to uniform prescriptions to avoid random influences on rheological properties of measured slurries. The dry kaolin was weighed out in a glass bottle, an exact quantity of distilled water as well as the determined quantum of peptizing agent was added, and the mixture was thoroughly stirred. Then each glass bottle was hermetically sealed for two days to reach perfectly homogeneous slurry and to avoid a time effect (Vycudilík, 1974) .
Rotational and capillary rheometers and also experimental pipeline loop were used to determine the flow behaviour of kaolin slurry without and with peptizing agent. To evaluate the influence of shearing pattern and slip effect, a vertical control overpressure capillary viscometer (VOCV), developed in the Institute of Hydrodynamics of ASCR in Prague, was used (Vlasak et al., 1999a) . Six different capillaries (I.D. 2.04, 2.52, 2.82, 3.51, 5.21 and 5.92 mm) were used according to the concentration of kaolin and peptising agent. With the capillary viscometer velocity gradient up to 10 4 s -1 was reached. The VOCV was calibrated with glycerine to evaluate the influence of the end effects. The slip effect was found to be relatively small; the influence of capillary diameter is not significant (see Fig. 3) .
A Haake Rotavisco RV 20 rotational viscometer was used for the velocity gradient range from 0 to 200 s -1 and for a limited number of samples, up to 1200 s -1 . Results obtained from capillary and rotational viscometers were found to be in good agreement (see Fig. 3 , where the dependence of shear stress on velocity gradient is illustrated). For selected slurries yield stress was also measured using a simple geometry and vane rotor adapted to the Haake Rheometer RT 10. This technique, originally developed in soil mechanics, allows the yield stress to be determined with a reasonable accuracy directly from a single-point determination (Keentok, 1982) . The rotational viscometer was used for a velocity gradient range from 0 to 200 s -1 and for a limited number of samples, up to 1200 s -1 . Also, an experimental re-circulation pipeline loop with a test section from a hydraulically smooth stainless steel pipe of inner diameter D = 17.5 mm was used to prove the flow behaviour and the process of peptization during the flow of kaolin-water slurry in a pipe (Vlasak et al., 2002) . Kaolin slurry was forced by a screw pump with phase advancer from an agitated storage tank. The installation makes it possible to operate in laminar and turbulent regimes up to an average slurry velocity of V av ≈ 8 m s -1 . Pressure losses were measured by Hottinger-Baldvin PD-1 differential pressure transducers monitored by computer. At the pipe outlet a box divider was mounted which allowed measurement of the mass flow rate and volume concentration . The temperature of the slurry was kept in the range t ≈ 18 °C with the help of a heat exchanger situated at the beginning of the transport pipe.
Based on the experience from the measurements realized with rotational and capillary viscometers, the kaolin from the Horni Briza workstation and sodium carbonate as a peptizing agent were used for the loop measurement. Kaolin slurries with volumetric concentrations varying from c v = 3 to 36% were tested for laminar, laminar/turbulent transition, and turbulent regimes. The peptizing agent/kaolin mass ratio was varied from c a = 0.05 to 0.30%, which corresponds with optimum efficiency (Vlasak et al., 1999b) . A Haake RheoStress 300 rheometer was used to determine the flow behaviour of kaolin slurry with and without peptizing agent after measurement in the pipe loop.
Results and discussion
The highly concentrated water-kaolin mixtures can be characterized as yield-pseudoplastic slurries. The effect of peptizing agents, the sodium carbonate and soda water-glass, and their concentrations for different slurry concentrations and kind of kaolin was investigated. A significant decrease in the apparent viscosity and the yield stress was observed due to the addition of the peptizing agents. The difference in shear stress between coagulated and peptized slurries can achieve values of an order of magnitude depending on the solids and peptizing agent concentrations.
A mutual effect of the attractive and the repulsive forces between the solid particles determines the flow behaviour of the system. The magnitude of the inter-particle forces depends on physical and chemical properties of the both phases. By addition of the appropriate cations into the slurry the repulsive forces between particles prevail and the viscosity and the yield stress decrease. The effect depends on the peptizing agent concentration (see Fig. 4 ). With increasing concentration of the agent, the apparent viscosity and the yield stress first decreases quickly, and then after exceeding of the optimal value of the agent concentration both rheological quantities again increase and the recoagulation process resumes. The optimal flow regime (with a minimum shear stress) is reached for a peptizing agent concentration varying from c a = = 0.05 to 0.20%, depending on the kind of kaolin and slurry concentration (Vlasak et al., 1999b) . The effects of the kind and concentration of the peptizing agent are illustrated in Fig. 5 . For agent concentration c a higher than about 0.15% the efficiency of water-glass is significantly higher than that of sodium carbonate. Even very low concentration of peptizing agent results in rather remarkable decrease of both yield stress and apparent viscosity. If the sodium carbonate concentration exceeds the optimal value, its efficiency decreases and the process of slurry re-coagulation can be observed, as well as the increase of pH from the original value of about pH = 6 up to pH ~ 10.5 for c a = 1.0%. In contrast to sodium carbonate, no process of recoagulation was observed for water-glass after its concentration overstepped the maximum efficiency value.
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A similar effect of agent concentration was observed for the different slurry concentration (see Fig. 6 ): the tendency of re-coagulation seems to be nearly independent of the concentration of solids, but it was observed to be higher for the lower velocity gradient value.
The effect of the sodium carbonate concentration was observed to be very similar for different slurry concentrations, and the tendency to recoagulation seems to be nearly independent on the kind of kaolin and slurry concentration. From the point of view of the type of kaolin, the best results were observed for Sedlec MK kaolin. The peptization effect for the other two types is similar, but considerably lowers (see Fig. 7 ). A great deal of dilution of the kaolin slurry treated by peptizing agent is produced due to the substantial decrease in the yield stress. The addition of sodium carbonate with a mass concentration of about 0.1% produces an increase in the pH of the slurry from the original pH ∼ 6 to pH ∼ 7. The surface charges of particles become compensated by adsorbed Na + cations, and calcium ions are precipitated as insoluble carbonates. The adsorbed Na + ions form a thick ionic atmosphere around particles, which prevents the approach of particles into the range within which attractive forces work. The slurry becomes stabilized, the yield stress nearly disappears, and the flow behaviour of the slurry tends to the Newtonian model.
The influence of the sodium carbonate concentration on the yield stress is shown in Fig. 8 . For the kaolin MK and S1a the original value of the yield stress of the kaolin slurry with concentration c m = = 0.55 could be reduced from τ y = 134 Pa to 6 Pa for c a = 0.15% and from τ y = 34.1 Pa to 0.5 Pa for c a = 0.1%, respectively. Such a dramatic reduction in the yield stress, in the range of 20 or even nearly 100 fold, has substantial importance in liquefying dense kaolin slurry. It follows from Fig. 8 that for a relatively high concentration of a peptizing agent, c a ∼ 2.0%, the yield stress reaches the original value of the untreated slurry and the effect of the agent vanishes. The pipe loop investigation confirmed the results obtained by rheometrical measurement of concentrated kaolin slurry (Vlasak et al. 1999a (Vlasak et al. , 1999b . The untreated and peptised slurries of c v = 10, 23, 27, and 36% were measured in an experimental pipeline loop to prove the effect of peptization on kaolin slurry during pipe flow under laminar and turbulent conditions , 2004 , 2009 ). The flow behaviours of peptized and untreated kaolin slurry in a pipe are considerably different (see Fig. 9 and 10). For a low slurry concentration the peptizing agent acted in the laminar region only. The yield stress practically vanishes and the hydraulic gradient/velocity relationship is very close to the values for water alone. Practically no difference between peptized and untreated slurry in the transient and turbulent regimes can be found for the higher velocity region. The effect of peptization becomes essential for slurry concentration higher than c v ∼ 25%. In the laminar regime a substantial decrease in the hydraulic gradient of about 30% was observed. In the turbulent region the positive effect depends on slurry flow velocity V av and on the peptizing agent/kaolin mass ratio c a . We can see also a decrease in the velocity value corresponding to the transient point from about V tr ~ 7. 
Conclusions
The present investigation confirms the possibility of substantial reduction in the yield stress and the apparent viscosity of highly concentrated finegrained slurries containing colloidal particles due to a modification of their physical-chemical behaviour. The addition of peptizing agent enables a much higher operational solids concentration and/or very profitable energy consumption to be reached for the hydraulic transport, handling and processing of industrial slurries.
The behaviour of the kaolin slurry is controlled by a mutual effect of the attractive and repulsive forces between the solid particles given by the physical and chemical properties of both phases.
The peptizing agent (sodium carbonate) supplies the slurry with monovalent cations for the compensation of the surface charge of particles, significantly affects the flow behaviour of kaolin slurries, and helps much higher concentrations of solids and/or lower energy consumption to be achieved during the flow of slurry in a pipe. With increasing concentration of the peptizing agent the apparent viscosity and yield stress gradually decrease, and the later even vanishes. For highly peptizing agent contents, the transition from non-Newtonian to Newtonian behaviour was observed. The efficiency of the slurry liquefying process depends on the peptizing agent and the solids concentration and flow velocity of the slurry. The effect of the peptizing agent increases with kaolin concentration and is significant for the laminar regime. The laminar/turbulent transition point is reached for peptized slurries at a significantly lower flow velocity compared to untreated slurry. For the transition and especially for turbulent regime the positive energy consumption effect has to be evaluated for each event.
The control of the physical-chemical behaviour and inner structure of the slurry makes it possible to optimize both the energy and water consumption and to improve the quality and economy of the transport, handling, and processing of the slurry. 
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